Introduction
============

Autism spectrum disorder (ASD) is a heterogeneous group of neurodevelopmental disorders. Before the Diagnostic and Statistical Manual of Mental Disorders-5 (DSM-5), which was the manual that officially labeled this term as a diagnostic category, ASD was used as a common clinical term that referred to the pervasive developmental disorders (PDD), as described in the DSM IV-TR \[[@B1]\] and the ICD-10 (10th International Classification of Diseases). Successive redefinitions of autism diagnostic criteria have not succeeded in constraining complexity and comorbidity in autism. A multidimensional point of view should encompass the issues posed by this categorical approach. From this perspective, child development is shaped by the interaction between several dimensions (e.g., language, motor, cognition, emotion; [@B53]). In the present study, we focus on emotion recognition, taking into account uni- and multimodal stimuli as well as other developmental comorbidities that are not included in ASD criteria but that are frequently associated with ASD, specifically language, fine motor, and neuro-visual skills.

Since [@B28] first clinical description of autism, problems related to emotion processing have been seen as a hallmark symptom of the disorder. However, the status of emotion impairments remains, until now, uncertain. Research that examines emotion recognition in ASD has been limited by an over-focus on the visual modality, specifically the recognition of emotion in facial expressions. Several studies have reported that children with ASD display deficits in this ability ([@B19]; [@B46]; [@B24]; [@B48]).

However, several studies have failed to find significant differences in emotion recognition tasks when comparing children with ASD and controls ([@B6]; [@B39]; [@B42]; [@B8]; [@B21]; [@B40]; [@B9]; [@B27]). Additionally, the nature of the deficits in emotion processing has been discussed, but with limited agreement among experts. The difficulties that children with ASD have with emotion processing may relate to their inability to recognize specific emotions, such as fear and disgust ([@B26]; [@B50]), anger ([@B2]), or sadness ([@B16]; [@B50]). At the same time, other authors have failed to find any deficits in the recognition of negative emotions ([@B31]). Overall, emotion recognition deficits do not appear to be universal in ASD, as reflected by heterogeneous performance across children and across tasks (for a review, see [@B37]). Studies using eye-tracking technology have examined the scanning of emotional faces in children with ASD and have found that they globally spend less time on core features (i.e., eyes, nose, and mouth) as compared to typically-developing (TD) children (e.g., [@B18]). However, more recent studies have found that deficits in emotion recognition cannot be fully explained by differences in face scanning, as children with ASD showed no particular differences in time fixation on faces ([@B44]) or showed normative pupillary reactions to emotion expressed by familiar people ([@B38]). Overall, the idea of gaze abnormalities in ASD, including less time spent focusing on emotional cues (e.g., facial expressions), remains controversial (for a review, see [@B22]; [@B55]).

Understanding emotional states in real life involves processing a variety of cues that include verbal content, non-verbal cues (e.g., postures), non-verbal vocalization, and affective prosody ([@B10]). The recognition of emotion from vocalizations, which appears to be the auditory equivalent of facial emotion recognition, has been less studied, with limited and inconsistent findings. A few studies have found that, compared to typically developing children, children with ASD demonstrate impaired auditory emotion expression recognition skills ([@B41]; [@B11]). On the other hand, others have found no evidence of a fundamental deficit in ASD ([@B3]; [@B27]).

According to the "weak central coherence theory," which was conceptualized by [@B23] and corresponds to the difficulties that children with ASD have when synthesizing stimuli into a coherent whole, children with ASD have impairments in multisensory processing ([@B4]; [@B34]; [@B36]; [@B35]; [@B43]; [@B14]). [@B11] noted that both ASD and TD children benefited from exposure to bimodal information, but to a lesser extent in the ASD group than the TD group. [@B49] explored the processing of neutral and emotional human stimuli (in the auditory, visual, and multimodal channels) in children with PDD-Not Otherwise Specified (NOS), when compared to TD children. The PDD-NOS group experienced difficulties with processing emotional stimuli, particularly in the visual modality. They also more easily identified happy, rather than angry or neutral, faces, and vocalizations. The children with PDD-NOS used the multimodal channel to compensate for their unimodal deficits. Similarly, [@B27] studied emotion recognition abilities by using a combination of visual and auditory tasks for two groups of adolescents, with and without ASD. They found that IQ had a large and significant effect on performance, but they also found no evidence of a fundamental deficit with emotion recognition in the adolescents with ASD. The discrepancies in the conclusions of the different studies that have been described above are underpinned by several factors: (1) the use of different experimental designs (e.g., only visual tasks) and data analyses (e.g., only univariate analyses); (2) the sizes and characteristics of the samples; (3) the heterogeneity among ASD patients in terms of developmental course requiring the consideration of developmental age when comparing to TD children; and (4) the heterogeneity among ASD patients in terms of co-occurring impairments that *per se* could affect emotion recognition such as visual-motor impairments or developmental coordination disorder (DCD) for visual tasks and language deficits for auditory tasks.

The aim of the current study was to explore unimodal and multimodal emotion processing in children with ASD by comparing them to TD children and taking into account other developmental comorbid factors such as language, fine motor, and neuro-visual impairments (using eye-tracking technology for this last dimension). In order to understand the nature of the heterogeneity and discrepancies in the results between studies mentioned above, we chose to take into account comorbid factors and to assess a potential age effect by including a sample of children with ASD in a wide age range (6--13). We hypothesized that: (1) consistent with the literature, we expect to find significant heterogeneity in children with ASD, with regard to their emotional identification skills; (2) in comparison to the TD group, children with ASD will have difficulties processing emotional information, which will be most prevalent in the unimodal channel (visual or auditory) and partially alleviated in the multimodal condition; (3) because ASD presents atypical eye movements and fine motor skills, we expect impairments in the visual modality to be larger in children with ASD; and (4) similarly, we expect that the subgroup of patients with language disorders will be more impaired in regards to unimodal auditory stimuli.

Materials and Methods {#s1}
=====================

Participants
------------

A total of 19 children with ASD and 19 typically developing children (14 boys and 5 girls in each group) participated in this study. ASD was used as a common clinical term that referred to the PDD that were described in the ICD-10 classification system ([@B52]). Two trained child psychiatrists (JX and DC) clinically assessed the children with ASD (mental age range = 5.8--13.3 years, *M* age = 7.74 years, *SD* = 2.51). In reference to the PDD diagnostic category, 5 children satisfied the diagnostic criteria for autism, and 14 children satisfied the criteria for atypical autism (i.e., presence of abnormal or impaired development before the age of three and abnormalities in reciprocal social interactions or in communication without fulfilling the full criteria for autism).

Children with ASD were recruited via the Child and Adolescent Psychiatry department at Pitié-Salpétrière Hospital and the University Pierre-et-Marie-Curie in Paris, France. **Table [1](#T1){ref-type="table"}** summarizes the socio-demographic and clinical characteristics of the patients. Each child with ASD was individually matched, according to developmental age, with a healthy typically developing child using chronological age (TD: age range = 6--13 years, Mean age = 8.84 years, *SD* = 1.79). The 19 TD children were recruited via a local primary school. The study was conducted in accordance with the hospital's Research Ethics Board regulations. After being fully informed about the study, parents or legal caregivers provided written consent.

###### 

Main characteristics of children with autism spectrum disorder (ASD; *N* = 19).

  --------------------------------------------------- ---------------
  Chronological age, mean (±SD)                       9.95 (1.75)
  Male/Female                                         14/5
  Socio-Economic Status: high/middle/low              10/5/4
                                                      
  *Children's Global Assessment Scale, mean (±SD)*    
  IQ score                                            78.5 (21.02)
  Mental age (IQ^∗^ age/100)                          7.74 (2.51)
  ADI-R scores                                        
      Social impairment                               10.11 (5.70)
      Verbal Communication                            7.06 (4.22)
      Repetitive interest                             2.72 (2.56)
  VABS for Children (socialization domain)            
      Interpersonal relationships                     34.59 (8.39)
      Play and leisure time                           21.25 (6.61)
      Coping skills                                   15.06 (5.98)
      *Total score*                                   70.63 (18.17)
                                                      
  *Diagnosis (ICD-10)*                                
      Atypical autism                                 14
      Autism disorder                                 5
      Developmental disorder of speech and language   9
      Developmental Coordination Disorder (DCD)       12
                                                      
  --------------------------------------------------- ---------------

VABS, Vineland Adaptive Behavior Scales; WISC, Wechsler Intelligence Scale for Children.

During a 1-week period of clinical testing, each child was given a series of clinical assessments: the Autism Diagnostic Interview-Revised (ADI-R) was used to score autism core symptoms ([@B32]); the Children's Global Assessment Scale (CGAS; DSM-5, 2013) was used to score global severity; and Vineland Adaptive Behavior Scales were used to score psychosocial/adaptive functioning ([@B47]). The cognitive quotient was ascertained by using the WISC-IV (Wechsler Intelligent Scale for Children-IV), the WPPSI (Wechsler Preschool and Primary Scale of Intelligence), or the KABC-II (Kaufman Assessment Battery for Children, second edition). Developmental age was calculated on this basis to match patients with TD children while taking into account possible intellectual deficits. To evaluate the existence of clinical developmental comorbidities, patients also received (i) a speech and language assessment using the ELO Battery (*Evaluation du Langage Oral*: Assessment of Oral Language; [@B29]) by a speech therapist, and (ii) a psychomotor assessment using the M-ABC (Movement Assessment Battery for Children; [@B25]) performed by an occupational therapist.

Stimuli
-------

As described by [@B33], the stimuli used in the present study were categorized as visual, auditory, or bimodal (**Figure [1A](#F1){ref-type="fig"}**). *Visual stimuli* consisted of pictures of facial expressions that were obtained from the FACES database ([@B20]). The faces of six actors (three men, three women) who expressed six facial expressions (joy, fear, anger, sadness, disgust, and neutral) constituted a set of 36 visual stimuli. *Auditory stimuli* included non-verbal affective vocalizations from the Montreal Affective Voices database ([@B5]), in which actors produced emotional interjections by using the vowel /a/ (cry, laugh, etc.). The voices of six actors (three men, three women) who expressed six vocal expressions (joy, fear, anger, sadness, disgust, and a neutral) constituted a set of 36 auditory stimuli. *Bimodal stimuli* consisted of congruent combinations of an emotional face and an affective vocalization (36 bimodal stimuli).

![**Experimental setting.** **(A)** Examples of facial and vocal emotional stimuli presentations for each of the six primary emotions (e.g., "Joy" with the outline of a prosodic laugh). **(B)** Experimental procedure.](fpsyg-06-01954-g001){#F1}

Eye-Tracking Apparatus
----------------------

During tasks with visual and bimodal stimuli, children's gazes were monitored by using an integrated Tobii T120 eye-tracker (Tobii Technology, Danderyd, Sweden). The T120 eye-tracker is a device that is built into a screen (17-inch) and does not require restriction of the children's heads, thus allowing them to look at the pictures freely and naturally. The system tracks both of the children's eyes separately at a rated accuracy of 0.5 degrees and a sampling rate of 120 Hz. A five-point infant calibration was used, and the experiment began after the points were correctly calibrated. By using the Tobii Studio Analysis Software, we evaluated the cumulative number of saccades (as an index of eye movements) and the durations of fixations (as an index of eye stability) on the face. Thus, one area-of-interest (AOI) region was defined for each face image including the whole face. A minimum of 50% valid gaze time was required for the analysis. In the ASD group, seven children were excluded from the eye-tracking analysis, as they did not yield data that were valid for any of the three tasks (e.g., due to excessive movement). A Wilcoxon test comparing the mental age of the 19 vs. 12 subjects remaining was not significant (*W* = 75.5, *p* = 0.122), so we are able to conclude that no bias was introduced by removing the seven patients from the analysis.

Procedure
---------

Before the experimental procedure, we ensured that all participants were able to understand each basic emotion (i.e., we asked each child to explain with examples of each emotion; for the ASD group this ability was confirmed by their language assessments). Children were tested individually in a single session that lasted approximately 30 min (**Figure [1B](#F1){ref-type="fig"}**). The experiment consisted of three tasks: visual (facial emotions), auditory (vocal emotions), and bimodal. The bimodal (audio--visual) stimuli consisted in the synchronous and congruent facial and vocal presentation for the same emotion. The experiment was run with E-prime software. After the statement of the set, the eye calibration and the familiarization with the four sample items, the experiment began. Each child was seated approximately 60 cm far from the screen of the eye-tracker. Each trial began with the presentation of a fixation cross (500 ms), which was followed by the presentation of the target stimulus during 3 s (i.e., temporal window for the eye-tracking recording); then, labels appeared at the bottom of the screen until the child responded. During the auditory task, no visual stimuli appears on the screen. Participants were asked to select (by clicking with the computer mouse) one label from a list choice that best described the emotion that was being expressed.

The order of the three tasks was counterbalanced across children, and the order of trials was pseudo-randomized across each task. There was an inter-trial interval of 700 ms, and a resting pause was offered after every ten trials. Correct answers and the eye-tracking data (the number of saccades and fixation durations on the faces in the visual and bimodal tasks) were recorded.

Statistical Analysis
--------------------

The data for the present study were Analysed using the statistical program R, version 2.12.2 (R Foundation for Statistical Computing), with two-tailed tests and a 95% confidence level. Due to the repeated measures design and the forced choice paradigm (six possible answers) that was used in our experiment, we used a Generalized Linear Mixed Model (GLMM; lme4 package) to explore the data. A binomial family was specified in the GLMM model to estimate the log-odds ratio for the corresponding factors in the model. With the exception of the eye tracking experiment, we used the entire sample (19 vs. 19).

In the general analysis, factors included group (ASD vs. TD), emotion (joy, neutral, anger, disgust, fear, or sadness), task (visual, auditory, or bimodal), developmental mental age (DA) and sex (model formulation: number of successes ∼ Task + Emotion + Group + DA + Sex + Random Participant factor). Then, in tasks where gaze was recorded (unimodal visual and bimodal tasks), we performed new analyses by including fixation duration and number of saccades as additional factors in the precedent model. It is not possible to compute the observed power in the case of mixed models. However, a good estimation is to compute the power for a standard regression and consider the true power to be a bit higher due to the repeated measures design. In our case, if we considered three regressors (group, stimulus, and emotion), a sample size of 38, a type I error rate of 0.05, and a large effect size of 0.35 ([@B13]), the power of the regression was 84%. A medium effect size of 0.15 gave a power of 45%, so even if the true power was \>50%, our experimental protocol did not allow us to detect small differences.

A secondary multidimensional analysis was conducted in the entire sample for each task separately (i.e., visual, auditory, and bimodal), and then in each group. In the ASD subgroup, we added the following dimensional factors: Vineland total score (VABS), language disorder and DCD to assess whether such comorbidities affected participant scores during the task.

Results
=======

General Analysis
----------------

**Figure [2](#F2){ref-type="fig"}** shows the probabilities of correct answers being obtained by children with ASD and TD control children on the three tasks (visual, auditory, and bimodal) and for each emotion. For the two groups, the probability of success on the bimodal task was greater than on the unimodal visual task (estimate = -0.78, *p* \< 0.001), which was greater than that on the unimodal auditory task (estimate = 0.61, *p* \< 0.001). The GLMM model revealed that the rate of correct emotion recognition depended on specific emotions: joy was the most easily recognized by the two groups of children, when compared to the emotions of neutral (estimate = -1.96, *p* \< 0.001), sadness (estimate = -1.51, *p* \< 0.001), anger (estimate = -2.68, *p* \< 0.001), fear (estimate = -1.45, *p* \< 0.001) and disgust (estimate = -1.13, *p* \< 0.001). The ASD group was able to perform the multimodal task. Regardless of the emotion that was involved, their probability to succeed was over 0.7 (**Figure [2A](#F2){ref-type="fig"}**). Neutral and anger were the most difficult emotions to identify for the ASD group (estimate = -1.76, *p* \< 0.001, and estimate = -1.79, *p* \< 0.001, respectively). Regarding all of the tasks, we found no significant difference between the results that were obtained by the two groups (estimate = -0.31, *p* = 0.104), but the scores were strongly and positively associated with the children's developmental age (estimate = 0.27, *p* \< 0.001).

![**Probability of correct emotion recognition, as a function of the emotions and tasks, in ASD **(A)** and TD **(B)** children**.](fpsyg-06-01954-g002){#F2}

When taking into account the combination of the two visual stimuli (visual unimodal and bimodal) and the eye-tracking variables, the ASD group performed worse than the control group (estimate = -0.75, *p* = 0.03). In addition, the discrepancy between the scores of disgust and joy (estimate = -1.27, *p* = 0.03) and between the scores of neutral and joy (estimate = -2.13, *p* = 0.001), was greater in the children with ASD than in the TD controls. There were no significant differences between joy and the three other emotions (anger, fear, and sadness) for the ASD group and the control group. Finally, the discrepancy between the results for the unimodal visual stimuli and the bimodal stimuli was less important in the ASD group than in the control group (estimate = 0.61, *p* = 0.033), which suggests that adding audio for TD children was more useful than for children with ASD.

Eye-tracking data revealed that the ASD group made more saccades (estimate = 0.61, *p* = 0.002) and had shorter fixation durations (estimate = -0.3, *p* = 0.012) than the TD controls. However, the eye-tracking variables were not associated with the emotion recognition scores (for saccades: estimate = 0.0003, *p* = 0.60; for fixation duration: estimate = -0.37, *p* = 0.054).

Multidimensional Analysis by Task
---------------------------------

For the *unimodal visual task*, there was a significant correlation between the probability of success and the children's developmental age; the older children had greater scores. However, we found that there was no effect of sex (estimate = 0.24, *p* = 0.50), and we did not find an association between the eye-tracking data (saccades and fixation durations) and the scores of the participants (estimate = -0.0005, *p* = 0.52, and estimate = -0.46, *p* = 0.12, respectively). The children with ASD tended to perform worse than the TD group on this task (estimate = -0.59, *p* = 0.06). Within the ASD group, joy was better identified than the other emotions, including sadness (estimate = -2.01, *p* = 0.0001), anger (estimate = -1.25, *p* = 0.02), fear (estimate = -1.46, *p* = 0.008), disgust (estimate = -1.85, *p* \< 0.001) and neutral (estimate = -1.46, *p* = 0.007). Interestingly, in the ASD group, we found no correlation between the recognition scores and developmental age (estimate = 0.14, *p* = 0.18), the Vineland total score (estimate = 0.009, *p* = 0.52), or the presence of language or coordination disorders (all *p* \> 0.07). For the TD group, joy was better identified than anger (estimate = -2.36, *p* = 0.002), fear (estimate = -2.66, *p* \< 0.001), and sadness (estimate = -3.12, *p* \< 0.001). In contrast, no significant differences were found between the recognition scores for joy and the scores for neutral (estimate = -0.73, *p* = 0.41) and disgust (estimate = -1.46, *p* = 0.07).

Regarding *auditory stimuli processing*, the ASD group did not perform significantly worse than the TD group (estimate = -0.08, *p* = 0.64). There was a significant effect of the children's developmental age: the older children had better scores (estimate = 0.3, *p* \< 0.001). For the ASD group, developmental age was strongly correlated with the probability of success in emotion recognition (estimate = 0.24, *p* \< 0.001) and, to a lesser extent, the Vineland total score (estimate = 0.015, *p* = 0.02) and the presence of language impairment (estimate = -0.48, *p* = 0.05). With regard to specific emotions, the two groups obtained the lowest scores, with equivalent values, for anger.

Finally, during the *bimodal emotional task*, the ASD group did not perform significantly worse than the TD group (estimate = -0.62, *p* = 0.10). Joy was better recognized than anger (estimate = -1.62, *p* \< 0.001) and neutral (estimate = -0.93, *p* = 0.03). These results were similar for the ASD group. The probability of success was strongly associated with the children's developmental age: the older children had significantly higher scores (estimate = 0.6, *p* \< 0.001). By contrast, we found that there was no significant association between the probability of success in the emotion recognition task and the Vineland total score or the presence of language or coordination disorders (all *p* \> 0.51). Moreover, the probability of emotion recognition was not associated with the eye-tracking data.

Discussion
==========

Our study aimed to reveal the specific patterns of emotional processing in children with ASD (according to the PDD diagnostic category of the ICD-10), when compared to normally developing children, through a multimodal identification task and the assessment of developmental comorbidities. As a whole, the children with ASD performed well on the emotional multimodal tasks. Unlike [@B49] study, we did not find a significant difference between the scores that were obtained by the two groups. We also did not find a significant difference between the scores of the two groups on the auditory and bimodal tasks. The discrepancy between [@B49] results and our results may be explained by their sample, which included patients with PDD-NOS who also met the Multiple Complex Developmental Disorder criteria (i.e., patients also exhibited emotional/anxiety symptoms; [@B12]; [@B7]; [@B54]). Similar to [@B27], who tested adolescents with and without ASD by using facial and vocal emotional tasks, we found that the probability of correct emotion recognition was strongly correlated with the developmental age of the participants for each of the tasks. Interestingly, these results were confirmed in the ASD group, except for the visual task. In the ASD group, this may be explained by two factors: (1) for the unimodal visual modality, this group tends to perform worse than the TD group, but most of all, (2) the auditory modality seems to be discriminant in this association, with the strongest estimate between emotion recognition scores and developmental age being found for this task (estimate = 0.24, *p* \< 0.001) and being higher than that of the bimodal task (estimate = 0.52, *p* \< 0.001). However, [@B27] described a similar emotion processing style in the ASD and non-ASD groups, except for a difficulty in recognizing surprise. On the contrary, we found, consistent with the literature, an important heterogeneity in our results, which could be considered to be a key issue.

For the entire multimodal task, we found a strong contrast between joy recognition (the emotion that was most easily identified) and the neutral emotion or anger (the most difficult to identify) for the ASD group. These results, which are congruent with the data of [@B49], are also found in the bimodal and auditory tasks' secondary analyses. The results concerning the neutral emotion could be due to abnormalities in the recognition of specific emotions in ASD children, based on a greater discrepancy being found between neutral and joy recognition in the ASD group than the TD group. Conversely, for anger in the auditory task, both groups obtained the lowest scores, which had equivalent values.

The ASD group performed significantly worse than the TD group in the case of the visual and bimodal stimuli. The lowest scores were obtained by both of the groups in the auditory task; multisensory processing allowed children with ASD to partially compensate for the difficulties that were experienced in the visual modality, which confirms the results of [@B49]. This result seems to be incongruent with the impairments in multimodal processing that are described in individuals with ASD ([@B23]; [@B14]). However, according to [@B11], the discrepancy between the visual and bimodal tasks is significantly more important in the TD group than in the ASD group. These results do not necessarily contradict the "weak central coherence theory" in regard to people with ASD ([@B23]); this partial improvement in accuracy on the bimodal task could be better explained by the addition of redundant (visual + auditory) targets, rather than the multisensory integration of visual and auditory cues into a unified percept.

A few studies of young adults have demonstrated that congruent emotional information that is processed via multisensory channels optimizes behavioral responses, which results in enhanced accuracy and a faster response time (RT; see [@B17]; [@B30]; [@B33]). Multisensory enhancement is sometimes explored in behavioral studies that use RT by comparing the observed RT distribution to the distribution that is predicted by a 'race model' (e.g., [@B15]). Multisensory integration occurs when the reaction time for bimodal trials is faster than what is predicted by the race model (e.g., [@B11]; [@B33]). Testing this hypothesis by using RTs in our study was not possible because the RTs were not recorded due to the particular eye-tracking procedure (i.e., forced stimuli exploration over 3 s) and the studied population (i.e., TD children and children with ASD).

The eye-tracking data revealed interesting differences between the two groups (i.e., an important number of saccades and shorter fixation durations for the children with ASD than TD children). These results are consistent with studies that describe gaze abnormalities in ASD, including a shorter time being spent on emotional cues (for a review, see [@B22]; [@B55]). However, these different gaze patterns were not associated with the scores of the participants and were not able to explain the discrepancy between the performances of the two groups. It is, therefore, difficult to conclude by stating that autistic children process faces in a holistic fashion. These abnormalities could be, in part, explained by our experimental design and the eye-tracking data analysis (see limitations).

Because children with DCD have poor cross-modal integration (see [@B51], for a meta-analysis) and frequent neuro-visual impairments, we expected that children with ASD and comorbid DCD would preferentially fail on the unimodal visual or bimodal visuo-auditory tasks. Our results were not consistent with this hypothesis; no association was found between the presence of a DCD and the scores on the visual or bimodal tasks. We assumed that children in the ASD group who had comorbid language disorders would be particularly impaired concerning unimodal auditory stimuli. Our hypothesis was partially correct: we found a statistical trend in this direction (estimate = -0.48, *p* = 0.05) regarding this modality. Furthermore, we did not find any association between the presence of this comorbidity and the scores for emotion recognition on the other tasks (visual and bimodal; all *p* \> 0.78). Finally, a unique significant correlation between the scores on Vineland and the performances in emotion recognition was found for the auditory stimulus.

There are several limitations that warrant consideration. First, different metrics were used to match the ASD and TD groups based on age. Cognitive assessments were performed on the ASD group to assess developmental age but not on the TD group, for which chronological age was used instead. In addition, the lack of some significant effects may be due to the power of the study. Given the small sample size of our groups and considering the clinical heterogeneity of the ASD group, we were only able to detect major effect sizes and unable to detect possible subtle impacts of co-occurring factors (i.e., comorbidities) or potentially clinically meaningful effects (i.e., Vineland Adaptative Coordination Scale). Regarding the eye-tracking data analysis, we consider faces as a whole, rather than more precisely analyzing the gaze upon certain areas of interest (e.g., eyes, nose, and mouth). This choice is a limitation for the fine comparisons between children with ASD and TD children when exploring faces during an emotional task. However, our analysis was based on current, state-of-the-art machine learning methods to recognize facial emotion. Machine learning has shown that facial emotion classifiers use Action Units that are distributed all over the face to achieve the best performance ([@B45]).

Conclusion
==========

Children with ASD demonstrate rather high performance on emotion recognition, particularly for multimodal stimuli. The difficulties that are experienced for visual stimuli are partially alleviated when using bimodal stimuli. Developmental age plays a major role for TD children, whereas its role is limited to the multimodal task for children with ASD. However, performances in emotion recognition in ASD are heterogeneous and do not simply correlate with comorbidities. The existence of a language disorder seems to have an impact on the performances of the ASD group in the auditory modality. Conversely, in the visual or bimodal (visuo-auditory) tasks, the impact of a DCD or gaze impairments has not been demonstrated. Future studies with larger samples will allow researchers to confirm and refine these data. Given the heterogeneity of the results that are found in the literature, we wonder whether impaired emotion processing may constitute a dimension that should be explored in ASD so that we can define subgroups in this condition that are more homogeneous and tailor interventions.
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